ABSTRACT (Conllnu» on ravar» lid» II nacaoary and Idtnllly bv block number)
A technique has been developed for the measurement of the viscosity of the amorphous phase In the grain boundaries of silicon nitride. The technique will serve as a useful tool in the development of these ceramics since a correlation can now be established between the viscosity of the grain-boundary phase and its chemistry. Two grades of commercial silicon-nitride have been tested --HS110 and HS 130 öüC! Wave a measured viscosity of about 5 x 10 15 Poisc/cm per unit thickness of i-h'?. grain-boundary phase at a temperature of about 900 o C. Some work has also been completed on building models for intcigranular fracture in 
ABSTOACT
This report is in two parts which cover consecutive Periods I and II of the duration of the grant.
PERIOD I : Nov. 11, 1973 to July 31, 1974 PERIOD II: Aug. 1, 1974 1, to April 30, 1975 The reason for this division is that during Period I the work concentrated upon fracture in semi-brittle ceramic crystals at low temperature and during Period II fracture in hot-pressed ceramics at elevated temperature was emphasized.
PCRion i
The relationship between yielding and fracture in semi-brittle ceramic crystals has been investigated. Strengthening of I-V1I compounds, e.g. KC-t, NaC-t, and LiF, by divalent impurity additions is accompanied by an increase in fracture energy. The observed increase is explained as a result of microcrack nucleation at intersecting slip bands.
The interaction of cleavage cracks with dispersed hard and soft second phase particles was observed using optical microscopy. The dis- Ill tmmm*mmmmmmm0*BKH**mimm 1.
PROGRESS REPORT PERIOD I
Three publications resulted from the work during this period. This level of productivity was the direct result of the continuity of effortprovided by a previous AFOSR Grant #72-2172. The important results from each of these publications are described below.
Publication I Influence of Yield Strength on Fracture of Semi-Brittle Ceramic Crystals
The range of use of alkali halide crystals in weight critical laser window applications can be extended if the yield strength of these crystals were increased without degrading their optical properties. One method of strengthening without severe increases in optical absorption is by solid solution hardening. In'these semi-brittle crystals, crystals with high dislocation mobility but less than 5 independent slip systems, the occurrence of plastic deformation has a strong influence on crack formation. The purpose of the following research (l)-v was to investigate the relationship between yield strength and toughness (meaning specifically the apparent fracture surface energy, Y-) in semibrittle ceramic crystals whose strength was varied through the controlled addition of divalent impurities.
The apparent fracture surface energy was measured using the double cantilever beam technique for a series of LiF single crystals doped with ++ ++ Mg or Ca . These divalent cations strongly harden alkali halide crystals. Contrary to the usual metallic behavior where an increase in strength is accompanied by a decrease in toughness, in LiF increasing the yield strength by a factor of A was accompanied by a 50-100% increase in v i , Fig. 1 . (00 0 Fig. 2 . Coalescence of Two {1101 < 110> Slip Bands to form a {100} Cleavage Knife.
3.

Publication II
The Interaction of Cleavage Cracks with Second riiasc Fart icier.
The application of ceramics at elevated temperatures can be limited by the materials capacity to resist fracture due to thermal shock. Thus, the development of tough microstructures which maintain their integrity at high temperatures is of practical interest. One potential method of improving both strength and toughness is by dispersion or precipitation of second phase particles. In the research described herein, the direct observation of the interaction of running cleavage cracks with second phase particles lying on or near to the fracture surface is reported (9). Lithium flouride and magnesium oxide were chosen as the matrix for these experiments because (i) they are transparent; (ii) single crystals can be grown containing hard particles (CaF 2 in LiF) or soft particles (voids in MgO), and; (iii) LiF and MgO cleave.
Single crystals were prepared containing dispersions of hard or soft second phase particles. Double cantilever beam samples were cleaved at room temperature. The cleaved halves were examined optically to observe the second phase particle -cleavage crack interaction. Cleavage steps on the fracture surface always lie parallel to the direction of crack propagation and provide a method of plotting consecutive positions of the crack front. Figure 3 shows three hard CaF^ particles lying on the {100} fracture surface. The direction of crack propagation is from left to right as indicated by the arrow. Consecutive positions of the crack front are plotted as dotted lines. Notice that a large cleavage step forms on the back side of each particle whose height increases with particle diameter--compare the two largo particles in the center of the micrograph to the small particle just bene-ith the arrow. 
PERIOD 11
The work during this period concentrated upon a study of fracture in hot-pressed ceramics such as silicon-nitride at elevated temperature.
TVo papers resulting from this work have been submitted for publication; the first deals with the measurement of viscosity of the grain boundary phase in hot-pressed ceramics and the second presents a model for intergranular fracture by the growth of penny-shaped voids in the grainboundary layer.
Publication IV
Measurement of Viscosity of the Grain-Boundary Phase in Hot Pressed Silicon-Nitride
A technique has been developed to measure the viscosity of the grain boundary phase in hot-pressed ceramics. It derives from the experiments .performed by Ke (Phys. Rev. _71, 1947, p. 533) where he showed in an internal-friction experiment with metal that the presence of grainboundaries leads to a damping pee'k. We have demonstrated by experiments with polycrystalline hot-pressed silicon-nitride that a similar peak is observed when the microstructure of the ceramic consists of hard grains held together by an amorphous grain boundary phase which flows viscously at elevated temperature. By using the results of an analytical model, the validity of which was proven in an earlier work (Mosher and Raj, Acta Met. _22, 1974, p. 1469) , the results from the internal-friction experiments can be translated into a measure of the viscosity of the This technique can be used in the development of a hot-pressed ceramic which contains a high viscosity grain boundary phase; this ceramic can also be expected to have superior high temperature strength.
Publication V De-Adhesion by the Growth of Penny Shaped Voids in an Adhesive Layer
This paper is an attempt to build models which explain the high temperature intergranular fracture behavior of hot-pressed ceramics
The thesis is that voids can nucleate in the grain boundaries at inclusions, triple points or aa pre-existing holes left behind by an incomplete sintering process. When a tensile stress is applied across the boundary the voids grow in the grain boundary layer in the same manner as voids will grow in a thin adhesive layer confined between two parallel rigid plates. The voids, then, grow in the shape of a penny and eventually coalesce and cause fracture. This paper presents a rigorous analysis which correlates the rate of growth of the voids to the rate of separation of the boundary, to the applied normal traction, to the pressure within the voids, to the surface tension forces, and to the spacing of the voids in the boundary. The voids were assumed to be arranged in a periodic two-dimensional lattice in Che grain boundary.
The results of the analysis are shown to be true by simple experiments with a viscous oil.
The time-to-fracture at a constant applied stress was calculated.
It is shown to vary inversely with the flaw density (number of bubbles per unit area) and inversely with the grain-boundary-pliase thickness squared. It also depends strongly upon the surface tension forces. The upper bound of time-to-fracture, when surface tension dominates. 
